Pulsars in binary systems have been very successful to test the validity of general relativity in the strong field regime [1, 2, 3, 4] . So far, such binaries include neutron star−white dwarf (NS-WD) and neutron star−neutron star (NS-NS) systems. It is commonly believed that a neutron star−black hole (NS-BH) binary will be much superior for this purpose. But in what sense is this true? Does it apply to all possible deviations?
parameters [10, 11] . The Keplerian parameters are the orbital period P b , the orbital eccentricity e, longitude or periastron ω, projected semi-major axis of the orbit x = a p sin i (i is the inclination angle between the orbital plane and the sky plane), and the epoch of periastron passage T 0 . The five most significant post-Keplerian parameters are:
1. the advance of the periastron (ω), 2. the decay of the orbital period (Ṗ b ) due to the spin-2 quadrupolar gravitational wave emission (Ṗ b Q,spin2 ), proper motion of the pulsar (Ṗ b sh , known as Shklovskii effect [12] ), and the acceleration due to the Galactic potential (Ṗ b Gal ) [13] , 3 . the Shapiro range parameter (r), 4 . the Shapiro shape parameter (s),
and the Einstein parameter (γ).
Pulsar astronomers use the leading order expressions under general relativity for the above mentioned parameters, as can be found in [14] . Measurements of these postKeplerian parameters lead to the determination of the masses of the pulsar and the companion 2 . Agreement between mass measurements using any three or more of these parameters point to the correctness of the underlying theory. Moreover, the measurement ofṖ b Q,spin2 for the case of PSR B1913+16 is considered to be the first indirect detection of gravitational waves [15] . The other post-Keplerian parameters are δ r , δ θ (manifestation of the relativistic deformation of the orbit, contributing to the relativistic Römer delay) and the aberration parameters A, B. The aberration parameters can be absorbed into redefinations of T 0 , x, e, δ r , and δ θ [14] . It is impossible to measure δ r , as it can be absorbed in a redefinition of the rotational phase of the pulsar (page 284 of [10] , page 227 of [14] ). δ θ is 'in principle' possible to measure, but the knowledge of the orientation of the spin axis of the pulsar with respect to the orbital angular momentum is needed (Eqns. 8.67 and 8.70 of [14] ). Sometimes, it is possible to determine two other post-Keplerian parametersė andẋ [14, 16] . Emission of gravitational waves results in the decrease in x, P b , e [17] . Another gravitational effect is the geodetic precession (Ω geod ), which is the precession of the spin axes of the pulsar and the companion around the total angular momentum (as the orbital angular momentum is much larger than the spin momenta, it is usually considered as fixed and aligned with the total angular momentum) caused by the curvature of space-time near gravitating bodies (i.e. the pulsar and the companion) [14, 18] . This geodetic precession affects bothė andẋ [14] . In addition to gravitational effects, proper motion of the pulsar also contributes toω andẋ [19] , as it does toṖ b viȧ P b sh [12] .
Among the alternative theories of gravity, a prominent place is occupied by the scalartensor ones, which assume that in addition of the metric, there are long range scalar fields
Gal are classical effects and should be taken out (whenever significant) from the observeḋ P b before using the general relativistic expression ofṖ b Q,spin2 .
through which gravity mediates. The coupling strength between the scalar field ϕ and matter is denoted by (Eqn. 1.3 of [20] ):
where A(ϕ) is the 'coupling function'. Higher derivatives are denoted by
, and α 0 = α(ϕ 0 ), β 0 = β(ϕ 0 ), and
, where ϕ 0 = ϕ(r → ∞) is the value at infinity (in the weak field limit) or the cosmological background without the presence of any gravitating body. Following [16] , we write
Another useful relation is α
, where ω BD is the BransDicke parameter. Measurements of γ PPN and β PPN constrain α 0 , β 0 , and ω BD .
In case of a binary pulsar, the coupling strengths of the pulsar (mass M p ) and the companion (mass M c ) can be defined as (page 26 of [16] ):
ϕ a p is the value of ϕ at a large distance from the pulsar, and a combination of ϕ 0 and the scalar influence of the companion; while ϕ ac is the value of ϕ at a large distance from the companion, and a combination of ϕ 0 and the scalar influence of the pulsar. Following the convention (page 28 of [16] ), we define
. α c = 0 for a black hole ('no-scalar-hair' theorem).
As the effect of gravity is larger for short orbital periods (except for the Einstein parameter γ which scales as P 1/3 b [10, 14] , we select some short period NS-NS and NS-WD binaries and compare them with a hypothetical NS-BH binary in Table 1 . We use these systems to compute leading deviations and testing power.
General relativity and many other alternative theories of gravity predict conservation of total angular momentum. A non-zero value of α PPN 3 and/or ζ 2 in the PPN formalism implies violation of conservation of total momentum, and is supposed to produce a self acceleration of the center of mass of a binary as [9] : 
In turn, a non-zero value of a CM implies a non-zero second time derivative of the orbital period P b , for which PSR B1913+16 places a limit (ζ 2 + α PPN 3
) < 4 × 10 −5 (see page 54 of [9] ). As the mass factor in the expression of a CM is much larger for a NS-BH binary in comparison with a NS-NS star binary, a non-zero value of (ζ 2 + α PPN 3
) will give a larger value of a CM for the case of a NS-BH binary. We compare the contribution from binary parameters in a CM in Table 2 . The larger the contribution from binary parameters, the larger is the value of a CM for the same non-zero value of (ζ 2 + α
PPN 3
). It is clear from Table  2 that the total contribution from the binary parameters (multiplication of the second and the third columns) is much larger for a NS-BH binary in comparison to NS-WD or NS-NS systems. In particular, the contribution from the orbital parameters (third column) is much larger for a NS-NS system than NS-WD systems because of the large eccentricity for the first case. On the other hand, the contribution from the mass factor is larger for a NS-BH binary than a NS-NS binary even if the orbital contribution can be slightly smaller. In summary, as the combined contribution of the orbital and mass parameters in the expression of a CM is much larger for a NS-BH binary, such a system will be a very good tool to test the validity of non-conservative theories of gravity.
As already mentioned, so far all measurements of post-Keplerian parameters for binary pulsars considered only the leading order terms under general relativity, and no discrepancy has been seen [1, 2, 3, 4] . For a NS-BH binary, the values of these post-Keplerian parameters will be larger, e.g. the Shapiro range parameter r for a NS-BH binary is more than 7 times larger than that for a NS-NS binary. The deflection of the pulsar beam will also be larger as it scales as
[22] and will be possible to measure. As an example, this factor is 4 times larger for a NS-BH binary than PSR J0737-3039 (Table  1 ). In the upper panel of Table 3 , we compare values of a few post-Keplerian parameters, as well as that of the geodetic precession for different binaries. In the lower panel of the same Table we compare only the mass factors in each term, to understand the effect of this factor. 3 It is evident that all the post-Keplerian parameters are larger for NS-BH binaries. The ratio of the value ofė (due to the spin-2 quadrupolar gravitational wave emission) for a NS-BH binary to that of a NS-NS binary is around 3. There will be an additional term due to the geodetic precession [14] , which is again around 2 times larger for a NS-BH binary in comparison to a NS-NS binary (provided spin of the neutron stars are the same). Remember, there will be additional contribution from the proper motion of the pulsar inω [19] .
High values of these leading order post-Keplerian parameters for NS-BH systems implies that these terms will be measurable even with a shorter data span. Moreover, even the higher order terms might be significant. It has been already shown that for such systems, the second post-Newtonian order and the spin-orbit coupling terms will be significant forω [23] . As one determines masses of the pulsar and the companion by solving the expressions of post-Keplerian parameters with their measured values [14] , neglecting higher orders terms in those expressions (when significant) will lead to inaccurate estimates of masses. It has also been shown that for a moderately wide range of spin parameters of the black hole and the neutron star, the spin-orbit contribution from the neutron star can be neglected in comparison to that of the black hole [23] . In such cases, it will be possible to estimate the dimensionless spin parameter of the black hole from this effect, provided the masses of the neutron star and the black hole can be estimated from other post-Keplerian parameters and the spin-orbit contribution is larger than the measurement error inω. Although this spin-orbit coupling will also lead to a very high value of the geodetic precession of the spin axis of the pulsar (Table 3) , the precession of the spin axis of the black hole will be much smaller (the mass factor is only 2.42). If the dimensionless spin parameter of the black hole turns out to be larger than unity, it will falsify Penrose's 'Cosmic Censorship Conjecture'. Additionally, determination of the quadrupole moment (from the classical spin-orbit coupling) of a black hole in addition to its spin and mass can in principle verify the no-hair theorem [24] . But measurement of the quadrupole moment is possible only for a massive (M bh ≥ 30 M ⊙ ) black hole with short orbital period (P b ≤ 0.2 day) binary with a millisecond pulsar [25] . Similarly, the frame-dragging propagation effect can be measurable with 1 µs timing accuracy only for short orbital period binaries with orbital inclination very close to 90
• and a very rapidly rotating black hole (see Eqn. 22 of [24] ). The significance of the higher order terms in the expressions of other post-Keplerian parameters will be worth exploring.
For scalar-tensor theories of gravity, in addition to spin-2 quadrupolar gravitational wave emission; spin-0 monopolar, dipolar and quadrupolar gravitational wave emission and the change in the value of the gravitational constant are also responsible for the decay of the orbital period [16] . 4 The decay of the orbital period due to the emission of the spin-0 scalar dipolar gravitational waves can be expressed as (Eqn. 86 of [16] ):
where α 0 is already defined as α(ϕ 0 ) (after Eqn. 1) with ϕ 0 = ϕ(r → ∞) is the value of the scalar field ϕ without the presence of any gravitating body. α p = α p (ϕ 0 ), α c = α c (ϕ 0 ), (as defined after Eqn. 3). For a NS-WD system α c = α wd → α 0 . For a NS-BH system α c = α bh = 0 ('no-scalar-hair' theorem for black holes). G * = G/(1 + α 2 0 ) is the 'bare' gravitational constant, appearing in the action while G is the gravitational constant measured by Cavendish experiment [16] . For a NS-NS binary α p ≃ α c as the masses, radii and the constituent matter of the pulsar and the companion are almost the same, so we expect their coupling to ϕ 0 to be almost the same. So, for the case of a NS-NS binary,Ṗ D,spin0 b is infinitesimally small. For a NS-WD system it can be large if α p ≫ α c (α c = α wd → α 0 ). The same value of α p will lead to a larger value ofṖ D,spin0 b for a NS-BH binary where α c = α bh = 0 ('no-scalar-hair' theorem). Note that, the left hand side of Eqn. 5 contains three unknown parameters, α 0 , α p and α c ; which changes to two unknowns for a NS-BH system as α c = α bh = 0. Remember, all these coupling terms vanish in general relativity. AsṖ
3 ) while the spin-0 monopolar and spin-0 quadrupolar emission scale as O(1/c 5 ) (as will be clear in Eqns. 6 below), usually these latter terms have been neglected for NS-WD binaries (e.g. [29] ). Here we explore 4 Note that additional classical effects in the change of the orbital period, e.g., the Galactic acceleration effect and Shklovskii effect, depend on the location and proper motion of the binary, and can be modeled provided accurate knowledge of these parameters are available [26, 13] . Commonly, pulsar distances are estimated using the values of their dispersion measures and are limited by the accuracy of the Galactic electron density model [27] ; sometimes, distances can be estimated better using paralaxes or HI absorption. Usually, uncertainities in distance estimates place limitations on the testing power of theories of gravity using the observed values ofṖ b (page 18 of [28] ). On the other hand, measurements of Shklovskii effect can in principle lead to even better distance estimates when the theory of gravity is known or its effect is negligible [26] . Table 4 : The rate of decay of orbital period of binary pulsars due to different types of gravitational waves emissions, for a standard NS-BH binary. We display many significant digits only to demonstrate the effect of different values of α 0 . whether it is wise to do so for NS-BH binaries. The expressions forṖ
with α c = 0 are as follow [30] :
Note that hereṖ
takes the familiar form as in general relativity with G replaced by G * (not the case if α c = 0). In Table 4 . Now, to perform an order of magnitude comparison of the effect of different types of gravitational wave emission from different types of binaries, in Table 5 we assume α wd = α 0 = 0. It is clear that unlike NS-BH systems, the contributions from the monopolar and quadrupolar (both spin-0 and spin-2) emissions are much smaller in comparison to the dipolar emission for NS-WD systems, thus making NS-WD systems better tools to detect the dipolar gravitational wave, if it exists, i.e. general relativity is violated.
Similarly, extra terms involving α p and α c appear in the leading order expression of other post-Keplerian parameters like r, s, γ,ω (page 29 and 30 of [16] ) 5 . These expres- 5 Remember the effect of proper motion inω which is a classical effect and remains the same irrespective sions also become similar to those under general relativity with G replaced by G * for a NS-BH binary.
Another fascinating potential of use of binary pulsars is the possibility of detection of the variation of G with time. The rate of change of orbital period due to the change in the value of G (if any), can be expressed as [13] :
where q = M p /M c is the mass ratio, and ς =
M c 2 is the 'sensitivity' or the 'compactness'. ς p is the compactness of the pulsar and ς c is the compactness of the companion. So, for a NS-NS system ς p = ς c = ς ns , for a NS-WD system ς p = ς ns , ς c = ς wd , and for a NS-BH system ς p = ς ns , ς c = ς bh . Usually, ς ns ≃ 0.15 (depends somewhat on the equation of the state), ς bh = 0.5, ς wd ≃ 10 −4 . In Table 6 , we compare the terms inside the square bracket in Eqn. (7) , from which it is clear that NS-BH systems are not good to detect any change in the value of G.
We now explore the possibility of verification of the strong equivalence principle with different types of binary pulsars. The parameter relevant for the strong equivalence principle is ∆ i for the object 'i' [1] :
where
η ′ is a combination of 1PPN and 2PPN parameters [16] , and ς i is the compactness of the object 'i' as defined after Eqn. (7) . For a binary pulsar, ∆ net = |∆ p − ∆ c | will give an acceleration to the center of mass of the binary. It is obvious that ∆ net will be much larger for NS-WD binaries in comparison to NS-NS or even NS-BH binaries because of the large difference in the values of ς ns and ς wd , making NS-WD binaries the best tools to verify the strong equivalence principle. Some of the practical methods to verify the strong equivalence principle have been discussed in section 4 of [28] .
In summary, higher order post-Newtonian terms will be essential to incorporate while modelling orbital dynamics of NS-BH binaries (Table 3 and related discussion). These of the validity of general relativity [19] .
systems might help to determine the spin parameter of the BH and test the validity of 'Cosmic Censorship Conjecture'. As these are also important sources for gravitational waves for Advanced LIGO, understanding of the properties of these binaries from pulsar data analysis will help the gravitational wave community to build better waveform templates. In this article, we have demonstrated that these systems will be better tools to test the validity of non-conservative theories of gravity which predict a self acceleration of the center of mass of the binary (Table 2) . From Table 5 we see that NS-BH systems will be better systems to detect deviations from general relativity, as the combined effect of spin-0 monopolar, dipolar and qudrupolar gravitational wave emission is much larger than that of NS-WD systems. But one should be more careful while modelling such systems by considering all these effects, whereas for the case of NS-WD systems, only dipolar emission dominates (if exist at all) and the other effects can be neglected (as done by [29] ). We have also seen that NS-BH systems will not be as good as NS-WD systems to test alternative theories of gravity by detecting the change in the value of the gravitational constant (Table 6 ), or a violation of the strong equivalence principle (discussion after Eqn. 9).
Finally, we should remember that the presence of red noise (which appears for a long data span) makes measurements of Keplerian and post-Keplerian parameters difficult and erroneous [31] . Use of 'Cholesky' method is helpful in such situation [32] and the present day pulsar timing analysis package 'tempo2' is equipped with this method
